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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D -2160 

PARAMETRIC PERFORMANCE ANALYSIS FOR INTERPLANETARY 
MISSIONS UTILIZING FIRST-GENERATION NUCLEAR STAGES 

Walter H. Stafford 
Sam H. Harlin 

Carmen R. Catalfamo 

SUMMARY 

The effect of earth thrust-to-weight ratios and specific impulses 
on trajectory parameters has been investigated for hyperbolic escape 
from, and braking into, an orbit about each of the planets Mars and 
Venus, and also for escape from Earth. For the escape trajectories, 
the thrust vector was applied tangential to the flight path and in the 
direction of the velocity vector. For the braking-in trajectories, the 
thrust vector was directed against the velocity vector. Specific impulses 
of 600 to 1000 seconds and thrust-to-weight ratios of 0. 05 to 0. 5 were 
used. The range of parameters considered is thought to be the most 
practical for interplanetary missions utilizing first-generation nuclear 
stages. The results of the study are presented graphically. 

SECTION I. INTRODUCTION 

Of fundamental importance in planning interplanetary round-trip 
missions is a study of the trajectory requirements. Preliminary analysis 
of the mission requires a rapid method of sufficient accuracy for 
determining the trajectory parameters. The sizing of boost vehicles 
is dependent, to a large extent, on the velocity requirements of the 
particular trajectory chosen. 

The purpose of this study is to present a method for determining 
the trajectory parameters and vehicle mass characteristics for a 
specific mission, when the hyperbolic excess velocity is known. The 



procedure by which these trajectory parameters can be readily determined 
is described and presented graphically. 

For interplanetary missions, it is assumed that one mode of 
flight will be via orbit-to-orbit transfer; that is, transfer from a circular 
orbit about the Farth to a circular orbit about the target planet. 

The approach used for escape from orbit was to determine the 
trajectory parameters at burnout, convert the characteristic velocity 
to a hyperbolic excess velocity, ‘and then present the data graphically. 
The approach used for braking into an orbit was to determine the arrival 
velocity for a given transfer trajectory and initiate burning such that 
circular orbit conditions are attained at burnout. This scheme was 
used for several specific impulse values and thrust-to-weight ratios. 
The analysis is limited to planar trajectories with all aerodynamic and 
perturbative forces being.neglected. The equations of motion were 
integrated on a digital computer, using a Runge-Kutta numerical integration 
procedure. 

SEC TION II. ASSUMPTIONS 

The following is a summary of the basic assumptions used in 
this study: 

1. For escape -- Acceleration of a single stage from a 
reference orbit about the planet, using a constant thrust directed along 
the velocity vector. 

2. For braking -- Deceleration of a single stage from an inter- 
planetary transfer trajectory to a reference orbit about the planet, using 
a constant thrust directed against the velocity vector. 

3. Reference orbit about the Earth was circular with a radius 
of 6556.0 km. 

4. Reference orbit about Mars was circular with a radius of 
4000. 0 km. 

5. Reference orbit about Venus was circular with a radius of 
6723. 0 km. 



6. Constant specific impulse values from 600 through 1000 
seconds. 

7. Earth thrust-to-weight ratios were used throughout the study 
and were varied parametrically from 0. 05 to 0. 5. 

8. Mean spherical Earth 

p = 398606.6 km3/sec2 

R= 6371.27 km 

9. Mean spherical Mars 

p = 42930.0 km3/sec2 

R = 3400.0 km 

10. Mean spherical Venus 

p = 324306.2 km3/sec2 

R= 6123. 0 km 

SECTION III. ANALYSIS 

For interplanetary flight, the ideal (1) total energy that must be 
imparted to the spacecraft is the ideal energy required to escape the 
gravitational field of the planet, plus the energy required to change its 
path about the Sun. The ideal energy required to escape the gravitational 
attraction of a planet can be determined from two-body mechanics to be 
H esc = plr. The energy needed to alter the flight path about the Sun, 
H co’ is determined by characteristics of the interplanetary trajectory. 

For determining the vehicle size necessary to inject the space- 
craft into the interplanetary trajectory, it is convenient to express the 

(1)The term “ideal” refers to an instantaneous change of energy. 



ideal total energy, H = He,, t H,, in terms of a burnout velocity. This 
produces equations of the following forms: 

(1) 

or 

vc = Jn (2) 

When considering finite vehicle systems, there is an additional 
energy requirement, Hloss, which results from expending the propellants 
at different energy levels. Therefore, the total velocity increment for 
the injecting stage is now 

v, = vc - v. + vloss (3) 

where V, is the initial velocity. The vehicle mass characteristics can 
be determined from the equation 

(4) 

To accomplish this study, the two-degree-of-freedom equations 
of motion were numerically integrated. 

INITIAL VERTICAL 

SKETCH a. 
4 



LOCAL VF;RTICAL 

INITIAL VERTICAL 

SKETCH b. 

Referring to the above sketches, “a” for escaping from and “b” 
for braking into, computations were made for a point mass moving in 
a plane using the following equations of motion: 

T;= F cos CY 
- JL cos & 

m r2 

vnp = 
Fsincy+ k 

m ( 2 r 

r = V cos 4 

$= V sin 9, 
r 

where 

m = m. +s &-I dt 

and 

V2 - 
> 

sin np r 

(5) 

(6) 

(7) 

(8) 

(9) 

F m= -- 
V ex 

(10) 
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The velocity and flight path angle may be obtained by integrating 
the equations of motion 

V=V,t jVdt (11) 

b=$,+j-&dt (1.2) 

The range and pericenter altitude can then be calculated by 
the relations 

X = X0 t j F V sin >dt 

h=ho+J;dt 

The central angle is 

+/Jo+~$dt 

The initial weight of the stage is 

w, = WC -+ wp 

The velocity expended by the stage is the characteristic 
velocity, or 

V, = Vex In --!- 
( > 1-c 

(13) 

( 14) 

(15) 

(16) 

(17) 

Then the velocity losses are the difference between the charac- 
teristic velocity and the change in comparative velocity, or 

v 
10s s 

= V1 - A+ 

where the comparative velocity is 

v:z =dTj 

(18) 

For ascent from r = r. to r = rf, the change in comparative 

velocity is 

A+: =J/- - V, t-201 

f 
6 



and the velocity loss due to gravity is 

V - vex ln (j+) -[ dm -vo] loss - (21) 

For descent from r = r. to r = rf, the change in comparative 
velocity is 

AV’:’ = dw -Vf (22) 

I and the velocity loss due to gravity is 

V 
1OSS = vex In (4) - idm i Vf ] (23) 

SECTION IV. DISCUSSION OF RESULTS 

The results of this investigation are presented graphically- in 
Figures 1 through 11 for each of the five areas considered. (2) The 
stage characteristic velocity, V,, is plotted versus hyperbolic excess 
velocity, with earth thrust-to-weight ratios as a parameter, in 
Figures 1 through 5. 

Figures 6a through 6e show the true velocity losses, Vloss, due 

to gravity for specific impulse values of 600 seconds through 1000 seconds, 
respectively. Thesz losses tend to zero as the thrust-to-weight ratio 
is increased. Figure 7 gives the velocity losses for a thrust-to-weight 
ratio of 0.2 as a function of specific impulses from 600 through 1000 
seconds. This is a partial cross plot of Figures 6a through 6e, illustrat- 
ing the effect of changes in specific impulses. As the specific impulse 
is increased, the velocity loss increases slightly. 

The flight path angle, at burnout for departure trajectories and 
at initiation of burning for braking trajectories, is shown versus 
hyperbolic excess velocity in Figure 8. Figure 9 gives the change in 
altitude. This change is the difference between the altitude of the 
reference orbit about the planet and the altitude at burnout for the departure 
trajectories, and the difference between the altitude of the reference 
orbit and the altitude at initiation of burning for braking trajectories. 

(2)Figure references apply to each of the five areas considered. 
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The change in other trajectory parameters is shown in Figures 10 and 
11. 

The vehicle mass characteristics can be determined from 
Figures 12 and 13 in the Section entitled “Brake to Mars Orbit. ” 

SECTION V. CONCLUSIONS 

From these parametric analyses, sufficient data are provided 
to enable the designer to make a preliminary design of a stage that 
will accomplish any one of the mission areas studied when that particular 
mission’s requirements are defined. The range covered is applicable ’ 
to first-generation nuclear stages, and also other propulsive systems 
utilizing high specific impulses and low thrust-to-weight ratios. 

It was not the intention of the authors. to condense the analysis 
for any particular mission, nor to select ideal conditions, but to present 
the parameters obtained from the constrictions imposed on the variables 
for this study. 



SECTION VI. GRAPHIC PRESENTATION 
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DEPARTURE FROM EARTH ORBIT 



HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE la. CIIARACTEIIISTIC VELOCITYz V,( km/see I , \‘I~:I?sL‘s ffYI~I~:I:Iz~~I.Ic 
EXCESS VELOCITY, VLTJ( km/xc) : WITII ‘rIIIIUST-TO-WI-1(;11’1‘ l!i\‘l‘10 ;\S .\ 

PARAMETER FOR A COSSTAST SPECIFIC IJIPCLSE OF 600 SF:COSI)S 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE lb. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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HYPERBOLIC EXCESS VELOCITY. V, (kmlsec) 

FIGURE ic. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TOyWEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, lkmlsec) 

FIGURE id. CHARACTERISTIC VELOCITY, V1 (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 



HYPERBOLJC EXCESS VELOCITY, V, (kmlsec) 

FIGURE le. CHARACTEI<ISTIC VP: LOCITY? \‘,( Im/sec) , V~:liscs IIYI’~:l:I~oI.IC 
EXCESS VELOCITY, Vn( krn/sec) : WITII TIIRUST-TO-\\.EIGIl?‘ Ii.\?‘10 ;iS .,\ 

PARAMETER FOR A COSSTXST SPECIFIC IMPULSE OF 600 SI<COSDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 2a. CHARACTERISTIC VELOCITY, V1 (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 2b. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC’ 
EXCESS VELOCITY, Vao(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 

18 



FIGURE 2c. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF ‘700 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (km/s4 

ARACTERISTIC VELOCITY, V1(lxn/sec), VERSUS HYPERBOLIC EXCESS 
V,( Itm/sec) , WITH THRUST-TO-WEIGH,T RATIO AS A PARAMETER 
FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 



HYPERBOLIC EXCESS VELOCITY. V, (kmleec) 

FIGURE 2e. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, v, (km,sec, 

FIGURE 312. CIiAR~ZCTERISTIC \‘I.: I.OCITY. V,C I<m/scc) ? \‘I.:I:SLS 111’1’I~:1:15~~1.1C 
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FIGURE 3cl. CHARACTERISTIC VELOCITY, V1 (Itm/sec) , VERSUS HYPERBOLIC EXCESS 
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FIGURE 4a. CHAlQiCTERISTIC VELOCITY, V1 (km/set) ? VERSUS HYPERBOLIC EXCESS 
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FIGURE 4b. CHARACTERISTIC VELOCITY, V1( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Va( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 5a. CHARACTERISTIC VELOCITY, V, (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 



7. 

6. 

5. 

5. 

5. 

4. 

4. 

HYPERBOLIC EXCESS VELOCITY. V, (kdsec) 

FIGURE 5b. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 

69 



7. 

. 6.2 

6.0 

5.8 

5.6 

HYPERBOLIC EXCFS~ VFiLOCITY. V, (km/xc) 

FIGURE 5c. CHARACTERISTIC VELOCITY, V,( l;m/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) : WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 

70 



HYPERBOLIC EXCESS VELOCITY, V, (kml=c) 

FIGURE 5d. CHARACTERISTIC VELOCITY, V, (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V (km/set) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

F& A.CONSTANT SPECIFIC IMPULSE OF iOO0 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 5e. CHARACTERISTIC VELOCITY, V,(km/sec) , VEItSL‘S IIYPEIII~C>I.IC 
EXCESS VELOCITY, V,( km/set) ? WITH THRUST-TO-\\‘EIGIIT IIXTIO ,ZS :I 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECOSDS 

72 



5000 

4000 

3000 

2000 

1000 
900 

7 800 

: 700 

2 
600 

500 
2 
0 

2 
400 

^ 300 
2 
s 

F 
200 

g 

100 
90 
80 
70 
60 

50 

40 

30 

20 

f - 
1 
t 
i 
1 

I 
f 
1 
T 

I 

i 

/ 

i 
T 

I 
T 

t 

T 
I 

THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6a. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 

73 



2 500 

- 400 
2 

s 

2 
300 

G 

s 200 

F 

100 
90 
80 
70 
60 

50 

40 

30 
. 

20 

ecific Impulse = 700 set 

0.0 0.1 0.2 0.3 

THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE Gb. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, Va(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 

74 



I- 

‘ii 1000 
: 900 800 
2 700 

2 
600 

s 5oo > 400 

100 
90 
80 
70 
60 

50 

40 

30 

20 

THRUST-TO-WEIGHT RATIO, F/W, 

0.4 0.5 

FIGURE Gc. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 

75 



, 

‘ii 
: 1000 

$ fEzi 

8 600 

2 500 

zi 400 
0 
;I 
c 300 

100 
90 
80 
70 
60 

50 

DEPART VENUS ORBIT 

Specific Impulse : 

THRUST-TO-WEIGHT RATIO, F/W, 

r 14: 
T I- 

r lo- 
I I- 

FIGURE 6d. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 

76 



1000 
900 
800 

‘Ei 
700 

01 600 (0 

2 
500 

g 400 
0 

2 300 

z 
0 
;I 200 

c 

g 

i 
k 100 

90 
80 
70 
60 

50 

40 

30 

20 

0.1 0.2 0.3 0.4 0.5 

THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6e. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 

77 



2000 

1000 
900 
800 
700 
600 

500 

400 

300 

200 

100 
90 

600 700 800 900 

SPECIFIC IMPULSE, Isp (set) 

FIGURE 7. VELOCITY LOSS (m/set) DUE TO GRAVEcrY VERSUS SPECIFIC 
IMPULSE (set) WITH HYPERBOLIC EXCESS VELOCITY, Vo3( km/set) , AS A 

PARAMETER ( THRUST-TO-WEIGHT RATIO = 0.20) 

78 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 8. FLIGHT PATH ANGLE (deg) VERSUS HYPERBOLIC EXCESS VELOCITY 
V,( km/set) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

79 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 9. CHANGE IN ALTITUDE (km) VEEKSUS HYPERBOLIC EXCESS VELOCITY 
Vw(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 



5.i 
a, 

P 

3 

320 

300 

280 

260 

240 

220 

200 

180 

160 

140 

120 

100 

80 

60 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 10. CENTRAL ANGLE (deg) VERSUS HYPERBOLIC EXCESS 
VELOCITY V,( km/set) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

81 



20000 

10000 
9000 
8000 
7000 
6000 

5000 

4000 

3000 

2000 

1000 
900 
800 
700 
600 

500 

400 

300 

0 1 2 3 4 5 6 7 8 9 lo 11 12 13 14 15 

HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 1 I. BURNING TIME (set)- VERSUS HYPERBOLIC EXCESS VELOCITY 
V,(ltm/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 



DEPARTURE FROM MARS ORBIT 

83 



HYPERBOLIC EXCESS VELOCITY, Vm(km/sec) 

FIGURE ia. CHARACTERISTIC VELOCITY, V1 (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 



HYPERBOLIC EXCESS V!dLOCITY, Vm (km/ set) 

FIGURE ib. CHARACTERISTIC VELOCITY, V, (kndsec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(kndsec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kdsec) 

FIGURE ic. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (h/set) 

FIGURE id. CHARACTERISTIC VELOCITY, V, (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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FIGURE 2a. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST;TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (km/ set) 

FIGURE 2b. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(krn/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 



HYPERBOLIC EXCESS VELOCITY, Vm (kmlsec) 

FIGURE 2c. CHARACTERISTIC VELOCITY, V1 (hdsec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(h/sec) : WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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rlcruHE 2cl. CHARACTERISTIC VELOCITY, Vl(h/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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FIGURE 2e. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 
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HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 3a. CHARACTERISTIC VELOCITY, V1(ldsec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, Vw(lrm/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 
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FIGURE 31,. CHARACTERISTIC VELOCITY, V, (I<m/s~c) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(I;m/sec), WITH THRUST-TO-bEEIGHT RATIO AS A PARAMETER 

FOR X CONSTXST SPECIFIC IMPULSE OF YOO SECONDS 
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FIGURE 3c. CHARACTERISTIC VELOCITY, V,(l<m/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(I<m/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 
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FIGURE -la. CHXRiCTERISTIC VELOCITY, Vl(lim/sec) : VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,( Im/sec) , blTH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR X COIUSTAST SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 4b. CHARACTERISTIC VELOCITY, Vi(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY,V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE 42. CHARACTERISTIC VELOCITY, V1 (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 4d. CHARACTERISTIC VELOCITY, Vl(ltm/sec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, Vm(ltm/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE 4e. CHARACTERISTIC VELOCITY, V,( kni/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 
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HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 5a. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 5b. CHARACTERISTIC VELOCITY, Vi (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF iOO0 SECONDS 
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FIGURE 5c. CHARACTERISTIC VELOCITY, Vi (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF iOO0 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 5d. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, Vm(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF iOO0 SECONDS 



HYPERBOLIC EXCESS VELOCITY, ‘I, (km/ sex) 

FIGURE 5e. CHARACTERISTIC VELOCITY, Vl(hn/sec) , VEIISCS IJYPERBOLIC 
EXCESS VELOCITY, V,( km/set) : WITH THRUST-TO-R’EIGHT RATIO AS A 
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FIGURE 6a. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6b. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, Vm(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6c. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 



FIGURE 6d. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,(km/sec) , AS A 
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FIGURE 6e. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,(km/sec), AS A 
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FIGURE 7. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS SPECIFIC 
IMPULSE ( set) WITH HYPERBOLIC EXCESS VELOCITY, V ( km/set) , AS A 

PARAMETER (THRUST-TO-WEIGHT RATIO = 0:20) 
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HYPERBOLIC EXCESS VELOCITY, V, (km/ set) 

FIGURE 8. FLIGHT PATH ANGLE (deg) VERSUS HYPERBOLIC EXCESS VELOCITY 
V,( km/set) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 9. CHANGE IN ALTITUDE (km) VERSUS HYPERBOLIC EXCESS VELOCITY 
V, (km/set) WITH T.HRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 10. CENTRAL ANGLE (deg) VERSUS HYPERBOLIC EXCESS 
VELOCITY V,(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE ii. BURNING TIME (set), VERSUS HYPERBOLIC EXCESS VELOCITY 
V,(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE la. CHARACTERISTIC VELOCITY: V,( ktn/scc) , VEI<SCS fIYPI.:I~IK)f.IC 12, 120 
EXCESS VELOCITY, V,( km/xc) , WIT11 TlIf~UST-TO-WI:ICIIlT I<:\TIO ,\S :I 
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FIGURE lb. CHARACTERISTIC VELOCITY, V1(km/sec), VERSUS HYPERBOLIC 
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FIGURE ic. CHARACTERISTIC VELOCITY, Vi(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, Vw(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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FIGURE id. CHARACTERISTIC VELOCITY, V,( km/see), VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 
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FIGURE 2~. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC EXCESS 
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FIGURE 3a. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A 
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FIGURE 3b. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
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FIGURE 3c. CHARACTERISTIC VELOCITY, Vl(kndsec), VERSUS~HYPERBOLIC EXCESS 
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FIGURE 31% CHARACTERISTIC VELOCITY, Vi(km/sec) , VERSUS HYPERBOLIC 
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FIGURE 4a. CHARACTERISTIC VELOCITY, Vi(km/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Vco (km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 
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FIGURE 4b. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC 
EXCESS VELOCITY, Voo(km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 4c. CHARACTERISTIC VELOCITY, Vi(km/sec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 4d. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Voo( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 

135 
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FIGURE 5a. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(km/sec), WITH THRUST-TO-WEIGHT RATIO AS A 
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FIGURE 5c. CHARACTERISTIC VELOCITY, Vi (kdsec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE Ga. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 
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FIGURE 6b. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, Vm(km/sec) , AS A 
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FIGURE 6c. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 
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FIGURE 6d. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 6e. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, Vo3(km/sec), AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (km/ set) 

FIGURE 8. FLIGHT PATH ANGLE (deg) VERSUS HYPERBOLIC EXCESS VELOCITY 
V,(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE 10. CENTRAL ANGLE (cleg) VERSUS HYPERBOLIC EXCESS VELOCITY 
Vm(ldsec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE ia. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,( km/see), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 



FIGURE lb. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (km/se=) 

FIGURE ic. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBdLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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HYPERBOLIC EXCESS VELOCITY. V, (kmlsec) 

FIGURE Id. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 2a. CHARACTERISTIC VELOCITY, Vi (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF ‘700 SECONDS 



HYPERBOLIC EXCESS VELOCITY, V, (kmleec, 

FIGURE 2b. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Voo(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

‘IGURE 2c. CHARACTERISTIC VELOCITY, V,( km/set ) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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HYPERBOLIC EXCESS VELOCITY. v, (kmlsec) 

FIGURE 2d. CHARACTERISTIC VELOCITY, V1(km/sec), VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 3a. CHARACTERISTIC VELOCITY, Vi (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, Vco (ltm/sec) , WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 



HYPERBOLIC EXCESS “ELOCLTY, V, (kmleec) 

FIGURE 3b. CHARACTERISTIC VELOCITY, V,( km/set), VERSUS HYPERBOLIC 161 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 



FIGURE 3c. CHARACTERISTIC VELOCITY, V1( 1m;‘scc 1 , v~:I:sus IIYI’~;I:ImI,Ic 
EXCESS VELOCITY, Vm( lim/sec ) , WITH TIIR~ST-TO-\VI~IG~fT RXTIO ,\S ‘1 

PARAMETER FOR A CONSTANT SPECIFIC 1;1IPUI,SE OF 800 SECOSDS 
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FIGURE 3d. CHARACTERISTIC VELOCITY, Vl(lcm/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 4a. CHARACTERISTIC VELOCITY, V, (km/set) , VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(krn/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 4b. CHARACTERISTIC VELOCITY, Vl(km/sec) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Vm(km/sec) , WITH THRUST-TO-WEIGHT RATIO AS A. 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 4c. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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HYPERBOLIC EXCESS VELOCITY. V, (kmlaec) 

FIGURE 4d. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, Vco(km/see) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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FIGURE 5a. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC EXCESS 
VELOCITY, V,(ltm/sec), WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 

FOR A CONSTANT SPEClFIC IMPULSE OF 1000 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmtsec) 

FIGURE 5b. CHARACTERISTIC VELOCITY, Vl(km/sec), VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,(lrm/sec) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, Vm (km/see) 

FIGURE 5c. CHARACTERISTIC VELOCITY, V,( km/set) , VERSUS HYPERBOLIC 
EXCESS VELOCITY, V,( km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1060 SECONDS 
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FIGURE 5d. CHARACTERISTIC VELOCITY, V1(km/sec), VERSUS HYPERBOLIC 
EXCESS VELOCITY, V, (km/set) , WITH THRUST-TO-WEIGHT RATIO AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6a. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 600 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6b. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, vao(km/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 700 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6c. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 800 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6d. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( Itm/sec) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 900 SECONDS 
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THRUST-TO-WEIGHT RATIO, F/W, 

FIGURE 6e. VELOCITY LOSS (m/set) DUE TO GRAVITY VERSUS THRUST-TO- 
WEIGHT RATIO WITH HYPERBOLIC EXCESS VELOCITY, V,( km/set) , AS A 

PARAMETER FOR A CONSTANT SPECIFIC IMPULSE OF 1000 SECONDS 
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HYPERBOLIC EXCESS VELOCITY, V, (kmlsec) 

FIGURE 8. FLIGHT PATH ANGLE (cleg) VERSUS HYPERBOLIC EXCESS VELOCITY 
V,(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V, (km/set) 

FIGURE 9. CHANGE IN ALTITUDE (km) VERSUS HYPERBOLIC EXCESS VELOCITI 
Vco(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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HYPERBOLIC EXCESS VELOCITY, V,(km/sec) 

FIGURE IO. CENTRAL ANGLE (deg) VERSUS HYPERBOLIC EXCESS 
VELOCITY V,( km/set) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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FIGURE ii. BURNING TIME (set), VERSUS HYPERBOLIC EXCESS VELOCITY 
V,(km/sec) WITH THRUST-TO-WEIGHT RATIO AS A PARAMETER 
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